ABSTRACT The primary structure of protein SI, the largest protein component of the Escherichia coli ribosome, has been elucidated by determining the amino acid sequence of the protein (from E. coli MRE600) and the nucleotide sequence of the SI gene (rpsA, of a K-12 strain). The two methods gave results in perfect agreement except at two positions where possible strain-specific differences were found. Protein S1 (MRE600) is composed of 557 amino acid residues (no modified amino acids were detected) and has Mr 61,159. The DNA sequence for protein SI (K-12) suggests 556 amino acid residues. A computer survey of the sequence revealed three regions in S1 with a high degree ofinternal homology. The ribosome binding domain of SI (NH2 terminus) does not show any preponderance ofbasic amino acids. The two cysteine and the majority of tryptophan residues of S1 as well as two of the three homologous regions are located in its middle region which contains the nucleic acid binding domain. The pattern of degenerate codon usage in the S1 gene is nonrandom and similar to that reported for other ribosomal protein genes.
ABSTRACT The primary structure of protein SI, the largest protein component of the Escherichia coli ribosome, has been elucidated by determining the amino acid sequence of the protein (from E. coli MRE600) and the nucleotide sequence of the SI gene (rpsA, of a K-12 strain). The two methods gave results in perfect agreement except at two positions where possible strain-specific differences were found. Protein S1 (MRE600) is composed of 557 amino acid residues (no modified amino acids were detected) and has Mr 61,159. The DNA sequence for protein SI (K-12) suggests 556 amino acid residues. A computer survey of the sequence revealed three regions in S1 with a high degree ofinternal homology. The ribosome binding domain of SI (NH2 terminus) does not show any preponderance ofbasic amino acids. The two cysteine and the majority of tryptophan residues of S1 as well as two of the three homologous regions are located in its middle region which contains the nucleic acid binding domain. The pattern of degenerate codon usage in the S1 gene is nonrandom and similar to that reported for other ribosomal protein genes.
Protein S1 ofthe Escherichia coli ribosome is the largest protein component of this organelle (1) . There have been some questions earlier about its stoichiometry in ribosomes but it is now established that S1 is present in one copy per ribosomal particle (2, 3) . In addition to its occurrence in ribosomes, protein S1 is also a component of the multimeric enzyme Qf3 replicase (4) found in E. coli cells infected with bacteriophage Q,3.
Studies from several laboratories (e.g., refs. 5 and 6) have established an essential role-for S1 in the initiation of protein synthesis by E. coli ribosomes, but the exact nature of this role has not been elucidated. Protein S1 is a very elongated protein of about the same length as the ribosome (-250 A) according to various physical measurements (7) (8) (9) (10) . It is a strong RNA binding protein and is capable of unwinding double-stranded regions in RNA structure (11) (12) (13) (14) . According to recent studies (15) (16) (17) , protein S1 is organized into two distinct functional domains-one for binding to the ribosome and the other for binding to RNA.
The structural gene for S1 (rpsA) has been mapped at 20 min on the E. coli K-12 chromosome (18) and a transducing A phage carrying rpsA (ASerC) has been isolated (19) . It therefore is feasible to determine the primary structure of protein S1 by both protein and DNA sequence determination procedures. The two methods, when combined, shorten the time required for establishing the primary structure of a protein of the size of S1. Knowledge of the primary structure of S1 would help to understand the various functions associated with this protein.
In this paper we report the primary structure of S1 as determined by both protein and DNA sequences and some essential features of this structure.
MATERIALS AND METHODS Protein Sequence. Protein S1 was isolated from E. coli MRE600. The protein was cleaved with CNBr to yield six fragments which were isolated in pure form (17) . These together comprised the entire polypeptide chain of S1. The amino acid sequences of the fragments were determined by procedures reviewed recently (20) . In each case, peptides formed by digestion with trypsin as well as by several other proteases were isolated (20) and their sequences were determined by a microEdman procedure (21) . The NH2-terminal sequences of the CNBr fragments were also determined directly on an improved Beckman sequencer.
In order to align the CNBr fragments, 'S-labeled Si was prepared from E. coli MRE600. grown with added '5SO4. Ra (22) . The mixtures were applied on top of 7% acrylamide gels (40"85 cm long; 0.4 mm thick) and electrophoresed, and autoradiograms were prepared for sequence reading. Complete details will be published elsewhere.
RESULTS AND DISCUSSION
Primary Structure of S1. The complete amino acid sequence of E. coli MRE600 protein S1 and the nucleotide sequence of the S1 gene derived from E. coli JS6.5 (a K-12 strain lacking the attachment site for A phage) are shown in Fig. 1 . Protein Si (MRE600) contains 557 amino acid residues and has the composition Asp43 Asn23 Thr25 Ser25 Glu60 Gln14 Pro10 Gly48 Ala48 VaL37 Met6 Ile30 Leu45 Tyr6 Phe17 His8 Lys43 Arg3o Trp7 Cys2.
We did not detect any modified amino acids in the structure of S1. The above composition gives Mr 61,159, which is lower than the values based on physical measurements reported in the literature (63,000-83,000; e.g., refs. 7, 8, and 23).
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The primary structure of protein SI as deduced from the DNA sequence of its gene rpsA of K12 strain JS6.5 ( Fig. 1) is in perfect agreement with the structure determined from protein chemical studies with the exception of two differences: position 125 is aspartate according to protein sequence but asparagine according to the DNA sequence, and positions 181 and 182 are glutamate and arginine according to protein sequence but aspartate according to DNA sequence. Protein Si (JS6.5) would thus contain 556 amino acid residues (Mr 60,998) and have the same pl as protein Si (MRE600). No difference in electrophoretic mobility was detected between the Si proteins from MRE600 and JS6.5 cells when analyzed in the O'Farrell gel system (data not shown). It is likely that the above sequence differences reflect strain-specific differences between the two E. coli strains we analyzed. The difference at position 125 would be a single base change (AAC+-GAC); the differences at 181 and 182 could arise from the deletion of one codon (i.e., ACG from G-A-_-C-G-C-G-A-T) present in a putative ancestral S1 gene.
A computer survey for internal homology in the amino acid and nucleotide sequences revealed the existence of three regions with a strikingly high degree of homology. These segments are amino acid residues 238 through 261, 325 through 348, and 412 through 435 (Fig. 2) 712 GGCGACGAAATCGCTGCAGTTGTTCTGCAGGTTGACGCAGAACGTGAACGTATCTCCCTGGGCGTTAAACAG 783 ***** * * * * ****** * * **** t******* *******$****** *t 973 GGCGATGTAGTGGAAGTTATGGTTCTGGATATCGACGAAGAACGTCGTCGTATCTCCCTGGGTCTGAAACAG 1044 1 **** G * * **** ** *** * ***** **G*** *** * ******** *** *$*** amino acid residues in common out of24 (i.e., 54%) and 41 identical nucleotides in common out of 69 (i.e., 59%). In contrast, the average percentage homology between any other similar regions in S1 is less than 20%. It remains to be seen what roles these regions of high homology may play in the structure and function of protein S1.
Acidic and basic amino acids contribute about a third of the total amino acid residues in S1. These are distributed throughout the sequence, but they show a tendency to occur in small clusters, the largest being one of six residues at positions 336-341. There are 103 acidic amino acid residues, opposed to 81 basic residues, in Si which would account for the protein's acidic character (pI '=5). S1 is also very rich in hydrophobic amino acids, especially valine, leucine, and alanine, which constitute 30% of its total residues. These amino acids also show a tendency to occur in small clusters of two to five residues.
Primary Structure and Functional Domains of SI. Protein S1 contains two cysteine residues which have been implicated in the RNA binding and unfolding functions ofS1 (24, 25) . These residues are located at positions 292 and 349 (Fig. 1) . The binding of S1 to nucleic acids has been shown to alter the fluorescence emission characteristics of its tryptophan (14) . There are seven tryptophan residues in S1, of which five are located in the middle third of S1 which also contains the cysteines, twothirds of the histidines and methionines and two of the three regions of internal homology (Fig. 2) . Recent studies have shown that a fragment (F3) from the middle segment, containing residues 224-309, carries the core of the RNA binding domain 49 (44) 1 (7) 13 (40) 5 ( (18) 0 (1) o (2) o (4) o (1) 1 (6) 9 (28) 12 (28) 12 (21) 0 (3) 1 (1) 23 (74) 5 (11) 17 (41) 3 (26) of S 1 (17) . Interestingly, this fragment, which has Mr 9725 from its sequence, appears to be Mr 16, 000 by NaDodSO4 gel electrophoresis (17) and is thus mainly responsible for the disparity between the physical and chemical molecular weights of S1.
The major ribosome binding domain of Si has been located in an NH2-terminal fragment, F2a (15) , which can now be placed at residues 1-193. Treatment of native S1 with trypsin produces in high yield a trypsin-resistant fragment (SIFi) that has the NH2-terminal sequence Ala-Val-Ile-Glu and carries the RNA binding domain of S1 (16) . From the data in Fig. 1 (1982) some binding domain) is degraded into smaller fragments by trypsin (16) . Codon Usage in the SI Gene. The DNA sequence data show an uneven distribution in the use of degenerate codons in the rpsA gene (Table 1) . A similar observation has been made in the case ofother ribosomal protein genes (27) . As presented in Table  1 , there is a striking similarity between the codon usage patterns in rpsA and in other ribosomal protein genes that have Been analyzed (however, some minor variations are noticeable e.g., isoleucine and glycine).
Recent observations have indicated that protein S1 may function as a regulatory protein in its own translation (28) . The amino acid sequence ofS I would help to assign this and other functions to the various parts of this large protein and to understand its precise roles in protein biosynthesis and in phage Qf3 RNA replication. In addition, knowledge ofthe DNA sequences adjacent to the translated portion of the S1 gene may identify precisely the promoter, terminator, and possible additional regulatory regions.
